by venous blood. The remaining 93% of CO 2 diffuse into RBCs where the gas is either bound to hemoglobin in the carbamate form, or is converted by RBC enzyme carbonic anhydrase (CA) into carbonic acid, which in turn dissociates into an H ϩ ion and an HCO 3 Ϫ ion [8, 9]. The conversion of approximately 70% of CO 2 to HCO 3 Ϫ ions in the circulation serves two important physiological functions. Firstly, it provides a more effi cient means of transport of CO 2 from tissue cells to the lungs. Secondly, the HCO 3 Ϫ ions produced act in a buffer system for metabolic acids. In the absence of a catalyst, the conversion of CO 2 to H ϩ and HCO 3 Ϫ is a very slow reaction. Thus, CO 2 and carbonic acid exist in the blood in a ratio of 400:1, and the proportion of CO 2 to HCO 3 Ϫ is 20:1 [10]. The hydration reaction of CO 2 would therefore occur much too slowly to be of physiological importance were it not for the presence of the zinc-containing metalloenzyme carbonic anhydrase (CA) in the RBCs [11, 12]. CA is involved in the crucial process of CO 2 transport by catalyzing the reversible hydration of CO 2 to carbonic acid, H ϩ and HCO 3 Ϫ , thus playing a fundamental role in the maintenance of acid-base balance of the body.
by venous blood. The remaining 93% of CO 2 diffuse into RBCs where the gas is either bound to hemoglobin in the carbamate form, or is converted by RBC enzyme carbonic anhydrase (CA) into carbonic acid, which in turn dissociates into an H ϩ ion and an HCO 3 Ϫ ion [8, 9] . The conversion of approximately 70% of CO 2 to HCO 3 Ϫ ions in the circulation serves two important physiological functions. Firstly, it provides a more effi cient means of transport of CO 2 from tissue cells to the lungs. Secondly, the HCO 3 Ϫ ions produced act in a buffer system for metabolic acids. In the absence of a catalyst, the conversion of CO 2 to H ϩ and HCO 3 Ϫ is a very slow reaction. Thus, CO 2 and carbonic acid exist in the blood in a ratio of 400:1, and the proportion of CO 2 to HCO 3 Ϫ is 20:1 [10] . The hydration reaction of CO 2 would therefore occur much too slowly to be of physiological importance were it not for the presence of the zinc-containing metalloenzyme carbonic anhydrase (CA) in the RBCs [11, 12] . CA is involved in the crucial process of CO 2 transport by catalyzing the reversible hydration of CO 2 to carbonic acid, H ϩ and HCO 3 Ϫ , thus playing a fundamental role in the maintenance of acid-base balance of the body.
While antioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT) have been crosslinked with PolyHb to produce oxygen carriers that can confer antioxidant properties [13] , CA has not been incorporated into a PolyHb-enzyme system in suffi cient amount for the transport of CO 2 . The aim of this study is thus to prepare
INTRODUCTION
Increased demand for blood transfusions in emergency and surgical settings has led to augmented need for red blood cell (RBC) substitutes. Different types of oxygencarrying blood substitutes are thus being investigated [1] [2] [3] . One of these products is the nanobiotechnology-based polyhemoglobin (PolyHb).
Crosslinking hemoglobin (Hb) with bifunctional agents such as diacid [4] or glutaraldehyde [5] results in the formation of PolyHb [4] . The complex of 4-5 Hb molecules has been shown to successfully replace blood loss by maintaining Hb levels in a safe range during surgery and perform adequate oxygen transport [6] . Although two of these nanobiotechnological approaches are currently in Phase III clinical trials [6, 7] , research efforts are at present focused on the development of new generations of blood substitutes that ressemble a more complete RBC.
In addition to the transport of oxygen from the lungs to tissues by the RBCs, the transport of carbon dioxide (CO 2 ) from the tissues to the lungs for removal is an essential function. Elevated CO 2 content in the body leads to increased plasma proton (H ϩ ) concentrations, which can result in acidosis, malfunction of the central nervous system, coma, and even death [8] . CO 2 is more soluble than oxygen in the plasma, but cells in the body produce much more CO 2 than the level that can be carried in the dissolved form. Only approximately 7% of CO 2 is carried PolyHb crosslinked with CA to produce further improved blood substitutes that can confer the other important function of RBC -transport of CO 2 .
In this study we propose that it is possible to employ the concept of nanobiotechnology to assemble Hb and CA into PolyHb-CA in the nanodimensions. This complex should also have the ability to transport oxygen and have adequate CA activity, and exhibit buffering properties. To achieve our aim to produce such a PolyHb-CA system, our fi rst experiments were involved in the methods of PolyHb-enzyme preparation. Subsequently, experiments served to determine the functional properties of crosslinked Hb and CA by comparing with uncrosslinked stromafree Hb (SFHb), which is RBC hemolysate containing Hb and RBC enzymes with the stroma removed. Crosslinked SFHb, or PolySFHb, was also used in functional characterization tests. Glutaraldehyde, a non-specifi c bifunctional crosslinking agent that preferentially targets lysine residues, is used for the polymerization of Hb and CA. Kinetic properties of the PolyHb-CA system were also studied in order to further characterize the properties of this novel molecule.
After completing the study on PolySFHb-CA, we proceeded with further study to construct a PolySFHb-SOD-CAT-CA that is also based on nanobiotechnology. This new nanobiotechnological polymer is an oxygen carrier (PolyHb) with antioxidant activity (SOD, CAT) and also the ability to facilitate the transport and acid-base functions (CA activity). The SOD and CAT levels in this PolySFHb-SOD-CAT-CA is much higher that those in rbc. This way, it can also act as a therapeutic agent against ischemia-reperfusion injuries. In the present study we perfect the method for preparing polySFHb-SOD-CAT-CA. Different procedures were used to prepared samples until the optimal system has been obtained with suitable enzyme activities for SOD, CAT, and CA, Moreover, samples of polySFHb-SOD-CAT-CA of different molecular weight fractions were collected and assessed. We are continuing with further detailed in vitro and in vivo studies.
MATERIALS AND METHODS

Materials
The Hb used in our experiments is SFHb extracted from bovine blood provided by the McGill University McDonald Campus Cattle Complex (Sainte-Anne-de-Bellevue, Canada). Glutaraldehyde (25%) was obtained from Polysciences (Warrington, PA). Drabkin ' s reagent, L -lysine (monohydrochloride, Sigma Ultra Ͼ 99%), SOD, CAT, and bovine CA (EC 4.2.1.1, 2720 units/mg solid manufacturer ' s stated activity) were purchased from Sigma-Aldrich (Ontario, Canada). All other chemicals or reagents of analytical grade were purchased from Sigma-Aldrich.
Preparation of SFHb
SFHb was prepared using established methods described [2] . Fresh bovine blood with heparin as an anticoagulant was centrifuged at 6000 rpm (4000 g) for 20 minutes at 4 ° C. The plasma supernatant and buffy coat containing the white blood cells and platelets were aspired carefully. The sedimented RBCs were then washed four times using three times their volumes of sterile, ice-cold, isotonic saline. RBCs were lysed by adding two volumes of hypotonic phosphate buffer (15 mM, pH 7.4) to one volume of packed cells. The resulting solution was mixed by repeated inversion and swirling for approximately 3 minutes. The mixture was allowed to stand for 20 to 30 minutes, then 0.5 volume of cold, reagent-grade toluene was added. After mixing vigorously for 5 minutes, the suspension was left standing for three hours at 4 ° C. The upper layer, containing toluene, extracted stroma lipid, and cellular debris, was then removed by aspiration, and the remaining solution was centrifuged at 25 000 g at 4 ° C for one hour. The SFHb solution was dialyzed against Ringer ' s lactated solution at 4 ° C. A dialysis membrane (Sigma) was used to form a dialysis tube with both ends carefully sealed. Ringer ' s lactated solution can be replaced by an isotonic, buffered dialysate solution (pH 7.35) containing 
Preparation of PolySFHb, PolySFHb-CA, and PolySFHb-SOD-CAT-CA
Reaction mixtures were prepared containing SFHb (10 g/dL) with the addition of CA (1070 units/mL) in 0.1 M potassium phosphate buffer (pH 7.6). In the method of preparation of PolySFHb, the enzyme was replaced by an equivalent volume of buffer. And in the method of preparing PolySFHb-SOD-CAT-CA, SOD (1050 units/mL), catalase (21,000 units/mL), and carbonic anhydrase (1070 units/mL) were added to the 20 mL solution containing stroma-free hemoglobin (7 g/dl) in 50mM sodium phosphate buffer (pH 7.4) to construct PolySFHb-SOD-CAT-CA. Before the initiation of the crosslinking reaction, 1.3 M lysine was added at a molar ration of 7:1 lysine/Hb. Nitrogen gas was used to fl ush the reaction vessel to prevent formation of methemoglobin. Crosslinking was started with the addition of 5% glutaraldehyde at a molar ration of 16:1 glutaraldehyde/Hb. Glutaraldehyde was added in four equal aliquots over a period of 15 minutes, and the reaction was allowed to crosslink for 24 hours at 4 ° C with constant stirring under aerobic conditions. Crosslinking was stopped by adding 2.0 M lysine at a molar ratio of 200:1 lysine/Hb. The preparation was then fi ltered using a sterile 0.45 μ M fi lter, and subsequently dialyzed overnight using molecular porous dialysis membrane (MWCO:
PolyHb-SOD-CAT-CA 129 12 000-14 000) against Ringer ' s lactated solution. 100 kDa microconcentrators (Amicon, Beverly, MA) were used to concentrate 500 μ L aliquots of the crosslinked solution by centrifuging at 2500 g for 55 minutes at 23 ° C. The retentate was subsequently collected by centrifuging at 1000 g for 3 minutes.
Molecular Weight Distribution
For the analysis of molecular weight distribution of PolyHb-SOD-CAT-CA, we used a Sephacryl-300 HR column (V total ϭ 560 ml) at a fl ow rate of 36 ml/hour. This column was equilibrated with 0.1M Tris-HCl and 0.15M NaCl (pH 7.4) elution buffer. The molecular weight distribution was recorded by a 280nm UV detector at a recording velocity of 1mm/min. Fractions collected were: (1) molecular weights higher than 450kDa; (2) 100-450kDa; and (3) less than 100kDa. For animal studies, the less than 100kDa fraction will be discarded. Dialysis membrane (MWCO: 12 000-14 000) and spectra/gel absorbent were used to concentrate the sample and the hemoglobin concentration were determined by Drabkin ' s method. The aliquoted samples were stored at Ϫ80 ° C.
Quantitative Determination of Hb Concentration
The Hb concentration in the PolySFHb and PolySFHb-CA preparations was colorimetrically determined by reacting the samples with Drabkin's reagent (Sigma-Aldrich), then measuring the concentration of the resulting cyanmethemoglobin solution by spectrophotometry at 540 nm.
Determination of CA Activity
The hydration activity of carbon dioxide by CA was determined by an electrometric delta pH assay based on the methods of Henry [14] , and of Wilbur and Anderson [15] . One Wilbur-Anderson (W-A) unit of CA activity is defi ned as the amount of enzyme that causes the pH of a 0.02 M Tris buffer to drop from pH 8.3 to 6.3 per minute. The reagent solution consisted of test samples containing CA and 0.02 M Tris . HCl buffer (pH 8.0) was kept between 0-4 ° C before use. Dissolved CO 2 was prepared by bubbling CO 2 through distilled water to obtain the substrate for the assay. The reaction was initiated by the addition of substrate, and the time (T) needed for the pH of the reaction mixture to drop from pH 8.3 to 6.3 was recorded. A Fisher Accumet Basic pH meter (Fisher Scientifi c, Pittsburgh, PA) with MI-407 (P) Needle pH electrode (Microelectrodes Inc., Bedford, NH) was used to measure the change in pH caused by the hydration reaction of CO 2 catalyzed by CA. The control (T 0 ) for the assay consisted of the same mixture without the test sample. The measurements in seconds were converted into W-A units according to the following formula:
The units were then plotted versus the Hb/CA concentration (mg/mL).
Determination of Kinetics Properties
Michaelis-Menten kinetics parameters were determined from data obtained with constant enzyme concentration and increasing substrate concentration until a steady rate of activity was observed. Six different substrate concentrations were selected and CA activity was assessed as previously described. Kinetic experiments were done between 0-4 ° C, and in triplicates for statistical analysis. Lineweaver-Burk plots (double reciprocal plots of substrate and rate of reaction) were then used as a graphical method of analysis of the Michaelis-Menten constants. On such a graph, the inverse of the y intercept is V max and inverse of x intercept is K m .
Determination of CAT Activity
The method for catalase measurement was according to the paper of Zhu and Chang [16] . Briefl y, UV 240nm spectrophotometer was used to measure the rate of disappearance of H 2 O 2 . The reaction mixture contained 2mL of 50mM phosphate buffer, pH 7.0, and 1mL of 30mM H 2 O 2 . The decrease of the H 2 O 2 level was monitored at 240nm for 15s. The same concentrations of blood samples or phosphate buffer mixtures without H 2 O 2 were applied as blank. The catalase activity was expressed in units per grams of haemoglobin.
Determination of SOD Activity
The measurement for SOD activity was based on the reduction of cytochrome c by superoxide [13] . The reagent solution consisted of xantine (50 μ M), cytochrome c (10 μ M), and CAT (500 units/ mL) in 50 mL potassium phosphate buffer, 0.1 mM EDTA, pH 7.8. The reaction system consisted of test samples and reagent solution. Xanthine oxidase was added to start the reaction. 0.154 M NaCL was used as blank. The cytochrome c reduction was recorded at 550nm by a spectrophotometer [13] .
RESULTS
Effect of Crosslinking with Glutaraldehyde on CA Activity
To determine the effect of the crosslinking reaction with glutaraldehyde on enzyme activity, the CO 2 hydration activity of Hb solutions before and after crosslinking was compared. After removing the RBC stroma material, which is toxic to kidneys, PolySFHb was prepared from extracted SFHb from bovine blood. Stroma-free hemolysate consists of the contents of RBC including CA. The SFHb solution without the addition of glutaraldehyde was considered to contain 100% of the original CA enzyme activity. Figure  1 shows the CA activity for SFHb and PolySFHb. Six Hb solution concentrations between 0.2-10.5 mg/mL were selected for the current experiment. These concentrations were chosen after screening different amounts of Hb to determine the appropriate detectable range for the assay. These sample concentrations were also used for all additional experiments described in this report involving Hb solutions, unless stated otherwise. It was found that approximately 45% of CA activity was lost after crosslinking using a glutaraldehyde: Hb molar ratio of 16:1 (Fig. 1) .
Effect of Enzyme Concentration on CA Activity
Purifi ed CA (Sigma-Aldrich) was crosslinked to Poly SFHb in increasing enzyme concentrations. Figure 2A shows the effect of increasing the concentration of CA on enzyme activity. As shown, the rate of CO 2 hydration rate increased in direct proportion with increasing concentration of CA. Figure 2B indicates that by augmenting the amount of enzyme incorporated into the PolySFHb solution, a preparation with CA activity comparable to that of SFHb (100% original RBC CA activity) can be obtained. The enzyme concentration used in the crosslink of PolySFHb and CA to reach the CO 2 hydration activity of SFHb was 1070 units/mL. 
Effect of Hb on CA Activity
Next, the CA enzyme activities of SFHb, PolySFHb, and PolySFHb-CA (with 1070 units/mL of CA incorporated) solutions were compared with that of the CA enzyme in free form (original stock solution of 1070 units/mL). From Figure 3 , SFHb, PolySFHb, and PolySFHb-CA showed similar activity as previously determined (Fig. 2B) . These solutions had much lower CA activity when compared to CA in free form, which exhibited higher CO 2 hydration activity even at low concentrations (Fig. 3) . To determine whether the decrease in enzyme activity is solely due to crosslinking with glutaraldehyde, PolySFHb was combined in a mixture with free form CA without crosslinking, and its enzyme activity was subsequently measured. Initially, when small amounts of the mixture were tested, it was found that the mixture exhibited lower CA activity than free form CA (Fig. 3) . However, with larger volumes being tested, the CA concentration of the mixture increased, and enzyme activity also increased proportionally so that the CA activity of the mixture eventually reached higher levels compared to the free form enzyme. Also seen in Figure 3 is a curve representing the expected CA activity of the PolySFHb and CA mixture, obtained by adding the individually obtained enzyme activities for PolySFHb and free form CA. A discrepancy was constantly seen between the expected and experimentally determined enzyme activity levels as the mixture of PolySFHb and CA showed less activity than the expected levels.
To further examine these observations, additional CA enzyme assays were carried out using sample concentrations between 0-0.35 mg/mL instead of 0.2-10.5 mg/ mL. At these small concentrations, the activity level of free form CA increased rapidly with increasing sample concentration, and a similar curve was obtained for the mixture of PolySFHb and CA (Fig. 4) . However, the enzyme activity of the mixture was less than that of the CA in free form. Also seen in Figure 4 is the enzyme activity of PolySFHb, which is very low as expected at these small concentrations. The observed differences between enzyme activity levels of these different samples suggest that the presence of Hb in a solution containing CA can decrease the measured CA enzyme activity.
Effect of Different Buffers and Buffer Concentrations on CA Activity
An experiment simulating more physiological conditions was carried out to further investigate the effect of the buffering characteristics of Hb. In the plasma, the levels of bicarbonate and carbonate are present in the range of 23-30 mM [16] . A solution of PolySFHb was thus tested for CO 2 hydration activity using buffers at physiological concentrations (Fig. 5) . Bicarbonate buffer was used in the assays at 20 mM, 23 mM, and 30 mM. A solution containing 0.3 M Na 2 CO 3 and 0.2 M NaHCO 3 based on experiments described in earlier research was also used in a CA assay [17] . As a reference, 20 mM Tris buffer was used as recommended by established protocol [14] . Figure 5 shows that using the bicarbonate and carbonate buffers at all tested concentrations greatly reduced CA activity in this assay. Performing the experiment with Tris buffer gave standard results, thus the buffer is confi rmed to be suitable for the assay. These results suggest that PolySFHb can act as a buffer to prevent dramatic pH changes caused by the CA-catalyzed formation of carbonic acid.
Kinetic Studies on CA in Free Form, Uncrosslinked SFHb, and PolySFHb-CA
The next experiments were designed to investigate the kinetic properties of the PolySFHb-enzyme system. Apparent Michaelis-Menten parameters (V max and K m ) of CA in free form, uncrosslinked SFHb, and PolySFHb-CA were measured. The Lineweaver-Burk plot was used as a graphical analysis tool of enzyme kinetics. Taking statistical analysis into account, apparent kinetic constants were determined from these plots (Figures 6-8 ). Apparent kinetic values for the tested samples are summarized in Table 1 . The V max of free form CA was found to be 50 W-A units, and the K m of free form CA was in the range of 11-13 mM. The V max of SFHb was determined to be 19 W-A units and its K m was between 10-12 mM. PolySFHb-CA exhibited a V max of 27 W-A units and the K m of the complex was measured to be 23-26 mM.
Enzyme Activity of SFHb, polySFHb, and polySFHb-SOD-CAT-CA
PolySFHb-SOD-CAT-CA was formed by nanobiotechnology using glutaraldehyde as crosslink reagent. The enzymes activities of (1) SFHb, (2) PolySFHb, (3) PolySFHb ϩ SOD ϩ CAT ϩ CA (SOD, CAT and CA added in solution to PolySFHb), and (4) PolySFHb-SOD-CAT-CA (PolySFHb crosslinked with SOD, CAT, and CA) were assessed. To eliminate errors, three batches of polySFHb and polySFHb-SOD-CAT-CA were prepared and tested The amount of SOD and CAT used in the crosslinking were much higher than those in the RBC. This is needed in order to have a therapeutic level of SOD and CAT for ischemia-reperfusion injuries. CA (1070 units/mL) also had to be added in the crosslink of PolySFHb and CA to emulate the CO 2 hydration activity of SFHb in RBC. Enrichment of enzymes highly improved the activities of SOD, CAT, and CA in PolySFHb-SOD-CAT-CA. An optimal PolyHb-SOD-CAT with the following addition of enzymes requires a Hb: SOD: CAT: CA ratio of 1g: 18,000:310,000:130,000U.
Molecular Weight Distribution of PolySFHb-SOD-CAT-CA and Enzyme Activities
Sepacryl S-300 gel column chromatography was used to analyze the molecular weight distribution of PolySFHb-SOD-CAT-CA. The molecular weight distributions for PolyHb-SOD-CAT show three molecular components: (1) low ( Ͻ 100kDa); (2) intermediate (100-450kDa); and (3) high molecular weight ( Ͼ 450kDa). The sample contains about 86% components with molecular weight higher than 100kDa. The low molecular weight fraction ( Ͻ 100kDa) will be discarded in animal studies. Most of the Hb, SOD, CAT, and CA activity (70, 82 Ϯ 3,90 Ϯ 1,84 Ϯ 2, respectively) are in the PolyHb-SOD-CAT-CA fraction with a molecular weight of Ͼ 450 kDa. The fraction with molecular weight between 100 kDa and 450 kDa contains Hb, SOD, CAT, and CA activities of 16, 11 Ϯ 1, 9 Ϯ 1,13 Ϯ 2, respectively. The activities of SOD, CAT, and CA activities were even lower (14, 5 Ϯ 1,0.5 Ϯ 0.05,3 Ϯ 1) in the PolyHb-SOD-CAT-CA fraction with molecular weight of less than 100 kDa. The fraction with molecular weight of less that 100 kDa will be discarded in animal studies.
DISCUSSION
Hemoglobin-based blood substitutes such as PolyHb are more advantageous than donor blood in many aspects. For instance, they do not have blood group antigens, can be sterilized, and can be stored at room temperature for more than a year [1] . Therefore, such products can be transfused into patients without delay. However, PolyHb remains only an oxygen carrier and lacks the other enzymatic functions of the biological RBC. PolyHb-SOD-CAT was thus developed as a new generation of blood substitutes able to confer additional antioxidant properties [13] , but suffi cient amounts of other RBC enzymes, such as the addition of carbonic anhydrase to those normally present in SFHb, have not been incorporated within a PolyHbenzyme complex. Therefore, in this report we fi rst studied a novel nanobiotechnology-based PolyHb-CA system. We then followed with a more complete but more complicated PolyHb-SOD-CAT-CA system.
The fi rst part of the study was to prepare PolySFHb-CA from SFHb using glutaraldehyde. To study the effect of crosslinking on enzyme activity, we compared the CA activity before and after crosslinking with Hb, and found that crosslinking resulted in a reduction of 45% in CO 2 134 Y. Bian et al. Figure 11 . Carbonic anhydrase activity of SFHb, PolySFHb, SFHb ϩ SOD ϩ CAT ϩ CA, and polySFHb-SOD-CAT-CA. SOD (1050 units/mL), catalase (21,000 units/mL), and carbonic anhydrase (1070 units/mL) were added to stroma-free hemoglobin (7 g/dl), then polymerized into PolySFHb-SOD-CAT-CA, resulting in a Hb:CA ratio of 1g: 130,000U after crosslinking Figure 9 . Superoxide dismutase activity of SFHb, PolySFHb, SFHb ϩ SOD ϩ CATϩ CA, and polySFHb-SOD-CAT-CA. SOD (1050 units/mL), catalase (21,000 units/mL), and carbonic anhydrase (1070 units/mL) were added to stroma-free hemoglobin (7 g/dl), then polymerized into PolySFHb-SOD-CAT-CA, resulting in a Hb: SOD ratio of 1g: 18,000 after crosslinking. Figure 10 . Catalase activity of SFHb, PolySFHb, SFHb ϩ SOD ϩ CAT ϩ CA, and polySFHb-SOD-CAT-CA. SOD (1050 units/mL), catalase (30,000 units/mL), and carbonic anhydrase (1070 units/mL) were added to stroma-free hemoglobin (7 g/dl), then polymerized into PolySFHb-SOD-CAT-CA, resulting in a Hb: SOD ratio of 1g: 310,000 after crosslinking. hydration activity. This suggests that the polymerization may have decreased the number of CO 2 binding sites available on the enzyme molecules. However, we were able to produce PolySFHb-CA with comparable CO 2 hydration activity as SFHb by incorporating additional CA into the PolySFHb-enzyme complex. Next, we investigated the effect of Hb on CA activity, and we observed that in the free form CA alone exhibited higher activity than the solutions containing Hb. This difference in enzyme activity cannot be solely attributed to the effect of crosslinking as the experimentally determined activity of the PolySFHb and CA mixture (no crosslinking) did not reach expected values. These observations can be explained by the buffering ability of Hb. This function of Hb is of physiological importance because maintenance of the pH of bodily fl uids at an appropriate level constitutes a major homeostatic challenge. A signifi cant change in pH can result in malfunctioning of proteins and lead to various pathological conditions. Thus, different buffer mechanisms in the body exist to remove excess H ϩ produced from metabolism, acting quickly to temporarily bind excess H ϩ ions, and removing these highly reactive molecules from solution [16, 18] . Hb is involved in the protein buffer system, the most abundant buffer in intracellular fl uids and blood plasma. Since Hb have binding sites for both H ϩ and CO 2 , some of this substrate will be sequestered by Hb as soon as CO 2 is added to the assay vessel, resulting in less substrate available for CA to act upon. In addition, as CA in the reaction carry out hydration of CO 2 and consequently render the buffer environment more acidic, PolyHb can remove free H ϩ from the solution. As a result, less enzyme activity is detected since the electrometric delta pH assay measures change in pH. We also noted that the buffering effect by Hb is stronger when the CA concentration is lower in the sample. The decrease in enzyme activity can be overcome by incorporating additional CA in the solution. When CA concentration increases, the buffering effect of Hb is less detectable and, as a result, the enzyme activity increases. At higher sample concentrations, the enzyme activity of the PolySFHb and CA mixture eventually surpasses that
